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ABSTRACT
We present a sequential study of the substructural alterations in the chick basilar papilla

at the earliest signs of hair cell degeneration. Three-day posthatch chicks received a single
injection of gentamicin (300 mg/kg) and were killed at 6, 8, 12, 15, 18, 21, and 24 hours after
the injection. The basilar papillae were studied by conventional transmission electron mi-
croscopy. Examination was limited to the basal region, where all hair cells are eliminated by
this treatment. As early as 8 hours and clearly by 12 hours, altered fine structure was seen
in hair cells. Changes included rounding and swelling of the hair cells, condensation of
nuclear chromatin, dissolution of ribosomes, dilatation of the mitochondria, and accumula-
tion of inclusion bodies and lysosomes. By 15–18 hours, lysosomes increased and became
denser, afferent terminals appeared swollen, and the first cell extrusion was seen. Efferents
were unaffected, and supporting cells, though having inclusion bodies now, retained normal
intercellular junctions. By 21–24 hours, large regions of complete hair cell loss were composed
of expanded supporting cell processes with normal-appearing intercellular junctions and
portions of extruded hair cells, partially attached to the supporting cell surface. These
observations demonstrate that auditory hair cells undergo a rapid and controlled process of
hair cell extrusion that allows preservation of the reticular lamina and minimal contamina-
tion of surrounding structures by intracytoplasmic contents of the damaged hair cells. J.
Comp. Neurol. 470:164–180, 2004. © 2004 Wiley-Liss, Inc.

Indexing terms: ototoxicity; hearing loss; inner ear; cochlea

Aminoglycoside antibiotics are ototoxic agents that are
responsible for significant morbidity because of their ves-
tibulotoxic and cochleotoxic effects. Although studies dating
back to 1962 have demonstrated various characteristic
changes in the sensory epithelium of the inner ear after
aminoglycoside exposure, a systematic study of the earliest
changes leading to the extrusion of hair cells has not yet
been performed. Various protocols for drug exposure and
numerous animal species have been studied to elucidate the
anatomic and morphologic processes, the physiologic
changes, and the cellular mechanisms involved in ototoxic
hair cell death. Nonetheless, the mechanisms involved in
hair cell death remain elusive (Forge and Li, 2000).

The chick has become a very popular species in which to
study cellular changes after aminoglycoside exposure be-
cause of its capacity to regenerate hair cells (Cotanche et

al., 1987; Cruz et al., 1987; Stone et al., 1996). In an
attempt to improve our understanding of the events lead-
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ing to hair cell regeneration, we undertook a detailed
longitudinal study of the process of hair cell degeneration
preceding the early events of regeneration. The specific
cytologic events that take place prior to regeneration may
influence the success of the regeneration process and may
therefore help to elucidate the absence of hair cell regen-
eration in the mammalian inner ear.

Although many papers include detailed observations of
anatomic changes after chronic aminoglycoside-induced
ototoxicity in birds and mammals (for reviews see
Cotanche, 1999; Forge and Schacht, 2000; Ryan, 2002;
Raphael, 2002), descriptions of the acute degenerative
changes are difficult to find. At least two methodological
conditions in most previous experiments have complicated
such observations; repeated drug exposures and long sur-
vival times. Most of the studies to date have used chronic
drug exposure, taking several days, coupled with survival
times of days to weeks following the final treatment. Thus,
a description of the earliest cellular alterations preceding
hair cell death is not available in these studies. In addi-
tion, in birds and reptiles, degeneration, proliferation, and
differentiation of new cells are likely to be occurring over
the same time interval when a multiple-treatment para-
digm is used. Finally, when there are diverse populations
of hair cells reacting differently to a chronic exposure of a
toxic agent, it is difficult to discern early changes in the
cells that ultimately degenerate vs. changes in cells that
ultimately survive. These confounding factors have been
overcome in the present study by 1) use of a single injec-
tion of an aminoglycoside known to cause complete hair
cell loss at the basal one-third of the basilar papilla
(Bhave et al., 1995; Janas et al., 1995) and 2) very early
and closely spaced survival times.

The inner ears of mammals such as guinea pigs, gerbils,
and chinchillas have been carefully studied by using ul-
trastructural methods after multiple injections over 7–14
days, with the earliest survival at 2–3 days after the last
exposure (Anniko et al., 1982; Chen and Saunders, 1983;
Gratacap et al., 1985; Hayashida et al., 1985; McDowell et
al., 1989; Kotecha and Richardson, 1994; Leake et al.,
1997). Two groups, however, have addressed some of the
early changes after ototoxic exposure in the mammalian
ear. Hayashida and colleagues (1989) studied guinea pig
cochlea and vestibular organs from 3 to 48 hours after
radiolabeled aminoglycoside exposure. In this case, the
authors combined the aminoglycoside with noise expo-
sure. De Groot and coworkers (1990, 1991) described
changes as early as 24 hours after the last injection, but
they used 5–15 days of daily injections. These studies
nevertheless did identify types of cytoplasmic organelles
affected and proposed possible cytologic pathways for
aminoglycoside-induced hair cell changes.

Cellular studies of hair cell ototoxicity in postnatal birds
are fewer than those of the mammalian inner ear
(Umemoto et al., 1994; Cotanche et al., 1994; Epstein and
Cotanche, 1995; Hashino and Shero, 1995; Hashino et al.,
1997) and with few exceptions also used multiple injec-
tions and longer survivals of several days to weeks.
Hashino and Shero (1995) and Hashino et al. (1997) de-
scribe the use of radiolabeled aminoglycoside to determine
the pathway of antibiotic molecules into and through ly-
sosomes of hair cells and used a single dose paradigm with
short survival times (3–27 hours). However, these studies
did not describe other ultrastructural changes within the
hair cell that may be pertinent to ototoxic mechanisms. In

addition, a series of papers has used a single-treatment
aminoglycoside paradigm to study hair cell regeneration
(see, e.g., Bhave et al., 1995; Janas et al., 1995; Stone et
al., 1996; Torchinsky et al., 1999; Roberson et al., 2000).

This report provides a detailed ultrastructural descrip-
tion of the morphological events and subcellular changes
occurring within the chick auditory hair cells at closely
spaced time intervals immediately following a single in-
jection of gentamicin. The findings provide a sequence
that leads to death and hair cell extrusion and the possible
involvement of the supporting cells in this process. We
have studied the chick not only because of its capacity to
regenerate new hair cells but because several culture
preparations of the basilar papillae have been developed
that can be used to address more specific questions re-
garding mechanisms (Oesterle et al., 1993; Stone et al.,
1996; Hirose et al., 1997, 1999; Matsui et al., 2002; Cheng
et al., 2003). Preliminary reports of this study have been
presented previously (Westrum et al., 1998; Hirose et al.,
1999).

MATERIALS AND METHODS

Degenerative changes in hair cells and supporting cells
were examined in the chick basilar papilla, by using con-
ventional transmission electron microscopy (TEM). White
leghorn chicks (Gallus domesticus) at posthatch days 3–5
were injected subcutaneously with a single dose (300 mg/
kg) of gentamicin sulfate (Sigma, St. Louis, MO). Details
of animal care conformed to standards established by the
NIH and the University of Washington Institutional Ani-
mal Care and Use Committee (IACUC).

Emphasis is directed to the ultrastructural changes
during the first 24 hours after the single injection. Sur-
vival times of 6, 8, 12, 15, 18, 21, and 24 hours were
chosen. At minimum three chicks (six basilar papillae)
were studied at each time point along with age-matched
broodmates as controls. The chicks were quickly decapi-
tated, and the oval window was exposed by removal of the
columella. The otic capsule was opened in the distal part
of the basilar papilla by using sharp dissection. Inner ears
were then sequentially fixed bilaterally by an intralaby-
rinthine perfusion of a cold mixture of 2% paraformalde-
hyde and 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer at pH 7.4 for 3–4 minutes. The time lapse from the
start of dissection to perfusion of fixation was usually no
more than 2–3 minutes. After perfusion, basilar papillae
were exposed, and the entire head was immersed in the
same fixative for 1 hour on a shaker table and then over-
night at 4°C. On the following day, heads were rinsed
three times in 0.1 M cacodylate buffer, and the papillae
were dissected free of the temporal bones. Basilar papil-
lae were then postfixed in 1% OsO4 in the same buffer for
1 hour at 4°C. The specimens were then rinsed in buffer
(3 � 10 minutes), dehydrated through graded ethanolic
solutions, infiltrated via propylene oxide (Aldrich Chemi-
cal Co., Milwaukee, WI), and embedded in Spurr’s epoxy
resin (Ted Pella, Inc., Redding, CA). En bloc staining with
saturated alcoholic uranyl acetate was carried out on
some of the specimens during the dehydration steps.

The area of the papilla 400 �m (�25 �m) from the
proximal (basal) tip was selected as the area of study. This
region is within the area that consistently undergoes com-
plete hair cell loss from a single in vivo gentamicin expo-
sure at this dosage (Janas et al., 1995; Stone et al., 1996;
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Fig. 1. A: Electron micrograph of a transverse section through
the basilar papilla of a normal posthatch day 4 chick, taken at ap-
proximately 400 �m from the basal tip. Hair cells (HC) with bundles
of stereocilia (ST) occur at the lumen (LU), and the nuclei of the organ
supporting cells (SC) are seen along the basilar membrane (BM) or
scattered at the abneural or inferior region (I). The superior region (S)
is to the left and the tectorial membrane (TM) above. B: Higher
magnification of short (SHC) and intermediate or taller (THC) hair

cells from a normal basilar papilla at the same level as in A. Bundles
of stereocilia (ST), vacuoles (V), cuticular plates (CP), and nuclei (N)
are seen as are interspersed organ supporting cell (SC) processes with
their microvilli (m) and specialized junctions (arrows) between them-
selves and the hair cells (also see subsequent figures). Efferent (E)
and afferent (A) neural terminals contact the basal portion of the hair
cells. A synaptic body (SB) is seen in the hair cell apposed to the
afferent terminal. Scale bars � 10 �m in A, 2 �m in B.



Figure 2
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Roberson et al., 2000). Consecutive semithin sections (1
�m) were collected, stained with toluidine blue, and ex-
amined until the most basal aspect of the sensory epithe-
lium could be identified. Then, at each 50-�m interval,
several 1-�m sections were collected, stained, and exam-
ined to verify the proximal-distal level and also to evalu-
ate cytologic features. If the location and the quality of the
tissue were acceptable, the block was used for ultrathin
sectioning and TEM analysis.

Ultrathin sections (90 nm) in the transverse plane were
then serially collected on formvar- and carbon-coated, slot-
ted or mesh copper grids. At minimum five consecutive
grids were obtained from each block/papilla for study. The
grids were stained with uranyl acetate and lead citrate
and viewed with a Philips EM LS 410 transmission elec-
tron microscope. A photomicrography routine was per-
formed on consecutive sections from each papilla as fol-
lows: 1) survey full-frame, single pictures were taken of
the entire sensory epithelium at about �800; 2) higher
magnification, overlapping negatives were obtained across
the papilla at �3,000–6,000; and, finally, 3) selected areas
of interest, as determined by findings in the lower and
midrange photographs, were photographed at increased
magnifications of �10,000 to �25,000 in order to evaluate
specific ultrastructural features. At least 24 negatives
were obtained for each sampled region, and at least 72
photographs were studied from the minimum of three
subjects in each survival time. Additional photomicro-
graphs were taken of specific regions and times when
especially active processes of alteration were identified
(e.g., 18 hours survival; see also below). Comparable pro-
cedures were performed for untreated broodmates. Special
attention was given to changes, even subtle alterations in
the numerous substructural features, including mem-
branes, organelles, nuclear and cytoplasmic contents, in-
tercellular contacts, and junctions of hair and support
cells and their surrounding microenvironment. Hence, we

report here a sequence of degenerative changes that is
extrapolated from analysis of hundreds of micrographs
from closely spaced, early survival times.

RESULTS

Ultrastructure of the control basilar papilla

The structure of the chick basilar papilla has been ex-
tensively described by a large number of investigators.
Here, for the purpose of relating to our observations on
aminoglycoside-treated organs, we reiterate some ultra-
structural details. The 3–5-day-old chick basilar papilla is
a sickle-shaped structure about 3.8 mm long (Ryals and
Rubel, 1982; Ryals et al., 1984) lined by supporting cells
and hair cells with stereocilia bundles projecting into the
endolymph of the scala media. The hair cells are sur-
rounded by the supporting cells, whose nuclei may be
distributed toward the basilar membrane or at midlevels,
inferior to the hair cells. The descriptions of the sensory
epithelium will be from the area of interest, approxi-
mately 400 �m from the basal tip. Sections from the
control chick basilar papilla demonstrate relatively con-
sistent findings in hair cells and supporting cell structure
during the age range studied. Although there is some
variation in fixation, the preservation of the ultrastruc-
ture of the hair cells, afferent and efferent terminals,
supporting cells, eighth nerve fibers, and other cytoskel-
etal elements is excellent (Fig. 1A,B). At this level of the
papilla, the short hair cells measure approximately 5–7
�m in height and are angular in shape in the more infe-
rior, or abneural, region, whereas more superiorly they
are taller (7–9 �m) and often rectangular or elongated.
The stereocilia are well preserved, and the tallest stereo-
cilium of each hair cell is contiguous with the tectorial
membrane. The tectorial membrane also appears to con-
tact the microvilli of the supporting cell apical surface,
separating adjacent hair cells (Fig. 2A,B). The hair cell
nuclei are round or oval, with a patchy chromatin pattern
and with one or two nucleoli. Euchromatin and hetero-
chromatin patterns are observed among the hair cell nu-
clei.

Of note is that hair cells demonstrate signs of intensive
metabolic activity. The cytoplasm of the hair cells is very
dense, owing in part to the presence of numerous polyri-
bosomes embedded in the cytoplasm (Figs. 1B, 2A–D).
Rough endoplasmic reticulum is common in the perinu-
clear region and in the angular extensions near the cutic-
ular plate and surface membrane (Figs. 1B, 2A–C).
Smooth endoplasmic reticulum and Golgi formations also
are seen in the cytoplasm. Mitochondria are numerous
throughout and may show slight variations in size, shape,
and electron density (Figs. 1B, 2A,C,D). Inclusion bodies
are seen occasionally, but typical lysosomes and phago-
somes are infrequent. Some vesicles and vacuolar struc-
tures can be seen in different regions of the cytoplasm and
are often clustered at the basal or basolateral region of the
hair cells (Fig. 1B). Filaments of various types are ob-
served as well as microtubules. The filamentous substruc-
ture is particularly evident at the specialized junctions
between hair cells and support cells (Fig. 2A,B). At the
lumenal surface, two and sometimes three specialized
junctions occur between all hair cell–supporting cell con-
tacts. Tight junctions, or zonulae occludens, face the lu-
men. Zonulae adherens are below the tight junction, and

Fig. 2. A: Electron micrograph of normal supporting cell (SC)
processes separating two hair cells (HC) to show junctions (arrows)
between SCs and HCs and the gap junctions (circles) between adja-
cent SCs only. Normal intercellular space (arrowheads) occurs only
between SCs and HCs, whereas the gap junctions are extensive and
occur only between SCs throughout the basilar papilla. On these
middle-range magnifications, the gap junctions appear as very dense,
closely applied membranes in contrast to the usual intercellular spac-
ing (compare arrowheads with circled gap junctions). The hair cell
cytoplasm is characterized by dense arrays of polyribosomes (r) and
interspersed normal mitochondria (M). LU is lumen or scala media,
and strands from the tectorial membrane (t) are contiguous with the
SC microvilli (m). B: Higher magnification of a normal single sup-
porting cell (SC) process with microvilli (m) to show the tight junc-
tions (zonulae occludens, arrowhead) and the zonulae adherens (ar-
rows) junctions that always appear between the SCs and the adjacent
hair cells (HC). The third type of junction, macula adherens or des-
mosome, may also be seen here in some sections. The lucent cytoplasm
of the SC is contrasted with the dense, granular, ribosome-rich (r)
cytoplasm of the hair cell. A “vestigial” basal body (B) occurs in the
SC. C: Efferent (E) axon terminal forming a synaptic contact (arrows)
onto the basal portion of a normal hair cell (HC). A subsurface cistern
(arrowhead) is seen postsynaptically in the hair cell. Support cell (SC)
processes with organelle-poor cytoplasm surround the terminal and
have gap junctions (circle) with adjacent SCs only. D: Afferent (A)
terminal making a synaptic contact onto the basal part of a normal
hair cell (HC). A presynaptic dense body (arrowhead) surrounded by
synaptic vesicles is seen opposite the synaptic cleft and postsynaptic
specialization (arrow). Scale bars � 1 �m.
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beneath this the maculae adherens, or desmosome, are
observed in some sections. No gap junctions could be iden-
tified between hair cells and supporting cells, but they are
common between adjacent supporting cells throughout the
basilar papilla (Fig. 2A).

The synaptic patterns of the basilar papilla are thor-
oughly described in the literature (Takasaka and Smith,
1971; Hirokawa, 1978; Rebillard and Pujol, 1983; White-
head and Morest, 1985) and consist of classical afferent
and efferent terminals that form contacts on the basal and
basolateral surfaces of hair cells. The organ-supporting
cells rarely receive synaptic contact; however, Oesterle
and colleagues (1992) have shown efferent synapses on
hyaline cells that lie at the extreme inferior region (lateral
to the sensory epithelium) and are also seen here. Effer-
ents onto hair cells are 1–3 �m bulb-shaped axon termi-
nals filled with round and pleomorphic synaptic vesicles
that form presynaptic contacts at a membrane specializa-
tion (Figs. 1B, 2C). These terminals are often apposed by
a subsynaptic cisterna in the hair cell cytoplasm immedi-
ately opposite the aggregated synaptic vesicles in the ac-
tive zone of the presynaptic terminal (Fig. 2C). They are
more frequent on short hair cells, often with two or more
terminal synaptic profiles per hair cell profile, but may
also occur singly on some taller hair cell profiles. Afferent
dendritic terminals synapse mainly on taller hair cells and
are either small (1–3 �m) and knob-shaped (Fig. 1B) or
extensive, elongated processes (3–4 �m) abutting the tall-
est, most superior hair cell profiles (a portion of one is
shown in Fig. 2D). They have few pleomorphic vesicles,
vacuoles, or organelles, and they are often opposite syn-
aptic bodies, decorated with round synaptic vesicles in the
hair cell cytoplasm (Fig. 2D).

The organ-supporting cells span the basilar papilla,
resting basally on a basement membrane and emerging
apically as a narrow (1 �m) extension between hair cells at
the lumen (Figs. 1A,B, 2A,B). They have microvilli at the
lumenal surface that often appear contiguous with fila-
mentous strands of the tectorial membrane (Figs. 1B,
2A,B). The relatively electron-lucent cytoplasm contains
all of the usual organelles: mitochondria, polyribosomes,
glycogen, smooth and granular endoplasmic reticulum,
Golgi apparatus, and microtubules and filaments of vari-
ous sizes, but in sparse quantities compared with those in
the adjacent hair cells (Figs. 1B, 2A,B). The finely granu-
lar nucleus is often located in the basal region of the cell
but occasionally resides at middle levels (Fig. 1A). Inclu-
sion bodies such as phagosomes and lysosomes are present

but not numerous in the control material. In addition to
the relatively lucent organ-supporting cells, border and
hyaline cells are located in the abneural portion of the
basilar papilla and contain unique structural features
(Oesterle et al., 1992).

Ultrastructure of the aminoglycoside-
exposed basilar papilla

We detected some variability in the timing of the ob-
served changes. Therefore, to allow for this overlap of
cytological patterns and to provide the orderly sequence of
events we observed, we will describe the findings in three
groups of 6-hour intervals: early (6–12 hours), middle
(12–18 hours), and late (18–24 hours) degeneration times.

Early degeneration: 6–12 hours. The earliest
changes we observed occurred at or soon after 6 hours
postinjection. They were subtle and variable. However,
the structures described above are clearly and reproduc-
ibly altered compared with the basilar papillae of control
subjects. The earliest, most consistent finding is a change
in the shape of the hair cell (Fig. 3A). At all magnifica-
tions, it is evident that the hair cell is swollen. However,
the apical portions do not protrude into the lumen. Spe-
cifically, the basal and lateral surfaces now appear more
rounded than the angular shape normally observed in
control papillae in the same region (cf. Fig. 3A,B vs. Fig.
1A,B). This is most obvious in the short and intermediate
hair cells, whereas the superiorly positioned, taller hair
cells undergo milder degrees of swelling (Fig. 4A). There is
also increased extracellular space around the hair cells,
possibly because of shrinkage of adjacent supporting cells
or because of extravasation of fluid into the extracellular
space of the sensory epithelium (Fig. 3B).

As early as 12 hours, mitochondrial swelling is apparent
in some specimens (Fig. 3B), particularly those with obvi-
ous swelling of the cell body. These usually mildly dense
but delicate organelles with normal membrane architec-
ture (Fig. 2A,C) now appear as pale and dilated, with
compressed cristae (Fig. 3B). Modest nuclear changes,
such as early chromatin condensation, consistent with an
apoptotic-like process, are seen by 12 hours (not shown)
but are more pronounced at slightly later times (see be-
low).

An increase in the number of inclusion bodies, such as
different types of lysosome, is also a very early event that
can be observed in hair cells as soon as 6–8 hours after
drug exposure (cf. Figs. 3B, 4A vs. Fig. 1B). During this
time, the short and intermediate hair cells display lyso-
somes that appear variable in size, 0.2–0.5 �m, and rela-
tively electron lucent or homogeneous. Within hair cells,
these inclusions are distributed in a perinuclear pattern
in the base as well as in the lateral recesses of the cell.
Although these lysosomes also appear to accumulate in
tall hair cells, the latter seem to contain variable numbers
of denser or heterogeneous-appearing inclusions and lyso-
somes (Fig. 4A). We did not detect engulfment vacuoles at
the subsurface areas or presence of pinocytotic vesicles or
phagosomes especially adjacent to the plasmalemma at
any level during the first 12 hours. Thus, we cannot de-
finitively conclude whether the lysosomes are the result of
an active pinocytotic or phagocytic process or represent
autophagy. Shortly after their appearance, most of the
inclusion bodies have a uniform, near homogeneous char-
acter in many of the hair cells, whereas, later in the

Fig. 3. A: Eight hours after a single injection of gentamicin.
Several of the hair cells (HC) are rounded and swollen compared with
the controls (see Fig. 1A). The stereocilia (ST) and attached tectorial
membrane (TM) are unaltered, and the deep-lying support cells (SC)
appear normal. LU, lumen. B: Twelve hours after a single gentamicin
injection. Hair cells (HC) from the inferior to middle region of the
papilla show swelling and are rounded but not protruding into the
lumen (LU). The stereocilia (ST) appear unaltered, as do the cuticular
plates (CP), but the cytoplasm contains slightly dilated mitochondria
(M) and homogeneous-appearing inclusions or lysosomes (L). Normal-
appearing efferents (E) are seen at the bases of the hair cells, and
there is increased extracellular space (X). Supporting cells (SC) main-
tain the surface junctions with the HCs (arrows) but now seem to
contain more inclusions or lysosomes (I) than usually seen in controls.
Scale bars � 10 �m in A, 2 �m in B.

170 K. HIROSE ET AL.



Figure 4

171GENTAMICIN-INDUCED CHICK HAIR CELL DEATH



degenerative process, the lysosomes become more pleo-
morphic, heterogeneous, and dense.

The supporting cells also accumulate inclusion bodies
that resemble lysosomes and are more numerous than in
the control tissue, which is interesting. These lysosomes
are similar to those in the hair cells, except that they are
more electron dense (Fig. 3B). The moderate increase in
lysosomes in the supporting cells seems to be concentrated
at the lumenal surface of the cells either subjacent to the
microvilli or adjacent to the affected hair cells. Although
these may represent endocytotic elements from gentami-
cin or phagocytosis of degenerative debris, structural evi-
dence of such activity on the cell surfaces could not be
identified. Subsequent processing of these inclusions or
lysosomes may be different in the hair cells.

At this stage, the vast majority of afferent and efferent
terminals does not demonstrate any remarkable changes,
although a small proportion of the afferents appears to
show slight swelling and occasional disrupted surface
membranes (not shown). The efferent axons do not appear
to be affected. The eighth nerve fibers entering through
the habenula perforata are normal appearing without ob-
vious signs of direct toxicity from the drug. The lumenal
cell-to-cell contacts between supporting cells and between
hair cells and supporting cells are intact without evidence
of alteration (Fig. 3A,B). The apical surface specializations
including stereocilia and cuticular plates of the hair cells
and the microvilli of supporting cells are unaltered. The
same is true for the nuclei of both cell types (Fig. 3A,B).

Mid-degeneration: 12–18 hours. During the next
6-hour interval, several overlapping, rapid changes occur,
resulting in the first hair cell extrusion (as in Fig. 5A). The
short and intermediate hair cells continue to swell and are
clearly rounded (Figs. 3B, 4C). Within the hair cells, nu-
merous organelles undergo extensive degenerative trans-
formation (Fig. 4B,C). The polyribosomes that are so
prominent in control hair cells undergo dispersion or dis-

solution, resulting in loss of the characteristic rosettes and
the formation of dust-like patches of granular material
(Fig. 4B; also compare with Figs. 2A,B and 4B, inset). The
region of the hair cell that appears most affected by this
ribosomal transformation is the apical area adjacent and
subjacent to the cuticular plate.

A further alteration affects many, but not all, of the
mitochondria. A greater proportion of these organelles
now clearly show variable degrees of dilatation and swell-
ing beyond that seen in any of the controls (Fig. 4B,C). The
mildest degree of mitochondrial swelling is detectable by
12 hours, but, by 18 hours, this alteration is much more
pronounced and widespread (Fig. 4B,C). Early nuclear
alterations, such as chromatin condensation observed at
6–12 hours, are far more obvious and occur in more hair
cells than at earlier time points (Fig. 4C). These changes
are consistent with descriptions of apoptotic-like degener-
ation.

As seen above, at 6–12 hours after drug exposure, most
of the lysosomes are homogeneously granular and rela-
tively lucent. By 12 hours, some of the taller hair cells
show denser, more heterogeneous, and more pleomorphic
forms of lysosomes (Fig. 4A). At 18 hours, a larger propor-
tion of the hair cells contains lysosomes at various stages
of formation. The homogeneous inclusions or lysosomal
bodies observed at earlier time points appear to condense,
to become more electron opaque, and to shrink in size (Fig.
5A). Thus, a wide range of pleomorphic-appearing lyso-
somes occurs in individual hair cells. The lysosomes
within the supporting cells are less pleomorphic in ap-
pearance.

Clear signs of degenerative changes are apparent in the
afferent terminals by 15 hours after exposure to gentami-
cin (Fig. 4C). Whereas modest swelling or membrane dis-
ruption is rarely observed in the afferent terminals of
normal and control tissue (Fig. 1B), the drug-treated an-
imals by 18 hours consistently demonstrate severe de-
grees of swelling and surface membrane lysis as well as
deterioration of the internal organelles of most of the
afferent terminals (Fig. 4C). The efferent terminals typi-
cally remain intact and retain their specialized contacts
onto the altered hair cells (Fig. 4C). Infrequently, undam-
aged efferent terminals may be retracted off the altered
hair cells. As the hair cells degenerate and the extrusion
process proceeds, apparently unaltered efferent terminals
can be identified deeper in the sensory epithelium (Fig.
5B; also as in Fig. 5C) with a few afferent terminals, which
are often swollen. Some of these vesicle-filled profiles are
presumably efferent axon endings retracted from the ex-
truded hair cells. The terminals contain numerous synap-
tic vesicles and mitochondria, and the surface membrane
shows little evidence of disruption in these efferent termi-
nal axons, in contrast to the swollen and retracted afferent
terminals. In addition, an occasional efferent terminal
attached to an extruded hair cell can be seen in the lumen
(as in Fig. 5C, inset).

The first hair cell extrusion from the sensory epithelium
consistently appears to be from among the taller hair cells
in the most superior or neural regions (Fig. 5A) rather
than the intermediate or short hair cells located more
inferiorly. The hair cells adjacent to extruded ones show a
greater amount of lumenal blebbing (as in Fig. 5C). They
are not as swollen as the short hair cells but are more
scalloped or shrunken, and they contain larger numbers of
dense, fragmented inclusion bodies and lysosomes than do

Fig. 4. A: Same material as in Figure 3B to show the superiorly
occurring taller hair cells (THC), with increased numbers of dense
inclusions or lysosomes (L) and only modest dilation of the mitochon-
dria (M). Swelling is not as evident as in the short hair cells, but these
cells appear to be shrunken and denser than in normals. Stereocilia
(ST) and cuticular plates (CP) are intact, the former not showing
fusion. Supporting cells (SC) retain normal junctions (arrow) with the
hair cells at the lumen (LU). B: Higher magnification micrograph
from a preparation 18 hours after gentamicin injection. Mitochondria
(M) show advanced swelling, and lysosomes (L) are evident. The
polyribosomes are greatly reduced or lost compared with controls
(compare with Figure 2A and inset), and patches of so-called ribo-
somal “dust” (x) are seen. The supporting cell (SC) retains normal-
appearing junctions (arrow) with the hair cells (HC) and has usual
microvilli (m) at the lumen (LU). Inset: A portion of a normal (con-
trol) hair cell at comparable magnification (as in Fig. 2A,B) to illus-
trate a normal pattern of polyribosomes that seem to have been lysed
in the gentamicin-treated preparations. C: Fifteen hours after genta-
micin injection. Hair cells show swelling and distortion with dilated
mitochondria (M), vacuoles (V) and lysosomes (L) of various types
from homogeneous to complex ones. The nucleus (N) also shows chro-
matin dispersion. A disrupted afferent ending (A) and normal-
appearing efferent endings (E) are seen. Stereocilia bundles (ST) and
cuticular plates are intact. Support cells (SC) have numerous and
extensive gap junctions (circle) again and normal-appearing surface
junctions (arrows) with adjacent hair cells. They also contain several
inclusion bodies (I). Scale bar � 1 �m in A,B, 2 �m in C, 0.5 �m in
inset.
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the shorter ones (Fig. 5A). However, there is little to
suggest that tall cells would be more susceptible than
short hair cells to the drug-induced damage. It appears
that, just prior to hair cell extrusion, the shorter hair cells
swell and become electron lucent, whereas the tall hair
cells shrink and condense.

Late degeneration: 18–24 hours. During the period
from 18 to 24 hours after gentamicin injection, rampant
extrusion of hair cells occurs throughout the width of the
epithelium at this level of the papilla (Fig. 5C). Ten or
more extruded hair cells may be seen in a single ultrathin
section. Extrusion is sometimes preceded by cytoplasmic
blebbing, which involves the entire apical/lumenal surface
of the hair cell (Fig. 5C). The extrusion process of the hair
cell includes the stereocilia, the cuticular plate, the under-
lying cytoplasm, and the accompanying organelles. Small
buds of cytoplasm and plasma membrane are also seen
emerging beyond the apical surface, but these are not
nearly as impressive as those cells in the process of active
extrusion. While the altered hair cells are in the process of
being ejected, the supporting cell lumenal surface expands
and enlarges, extending beneath and displacing the
emerging degenerated hair cell into the lumen (Fig. 6A,C).
Throughout the process of hair cell extrusion, the support-
ing cells maintain their usual gap junctions complexes
with their neighboring supporting cells below the extrud-
ing hair cell (Fig. 6C).

During the entire process of extrusion, the tight and
adherens junctions between the hair cells and the sup-
porting cells remain intact (Fig. 6A,C). Furthermore, the
surface membrane of the degenerated and extruded hair
cells shows only occasional rupture along with the tremen-
dous degree of cellular swelling (Fig. 6A–C). While the
hair cells are being ejected, the tight junctions appear to
contract around the hair cell until only a small segment of
this contact remains (Figs. 6A,C, 7B). These tight junc-
tions persist until the hair cell is completely ejected into
the endolymph. Patches of densities are seen on expanded
supporting cells at the lumenal surface and presumably
are the supporting cell half of the now disconnected tight
and adherens junctions with the extruded hair cells. A few

examples of these junctions are seen near the time of
separation (Fig. 7B).

During the process of hair cell degeneration, some hair
cells remain relatively intact (Fig. 6A), whereas others
fragment and lose their cellular integrity (Fig. 5C). Hair
cell extrusion is a rapid process that results in massive
loss of the sensory cells over a large area. Accompanying
the obvious cellular loss, there are few, and subtle, intra-
cellular changes that precede the cell’s extrusion. For ex-
ample, these hair cells do not demonstrate stereocilia fu-
sion, and only minimal changes are observed in the
cuticular plate. The nuclei are intact with only modest
disruption of the nuclear envelope within the extruded
cells (Fig. 6A). The usual organelles persist, although the
density of polyribosomes is significantly reduced. Some
mitochondria appear swollen, whereas others are normal
(Fig. 6A,C). At this late stage, lysosomes of various forms
are present but are not numerous and do show some
disrupted membranes (Fig. 6A,C). Some of the extruded
hair cells demonstrate advanced fragmentation and dis-
ruption, in particular those that are displaced from the
sensory epithelium and appear trapped in the tectorial
membrane (Fig. 5C).

Hair cells may occasionally undergo in situ degenera-
tion without being extruded from the sensory epithelium
(Fig. 6B). In situ degeneration within the sensory epithe-
lium at this level, however, is by far less common than the
process of hair cell extrusion. There are approximately
100 extruded hair cells for each in situ degenerated hair
cell. In these cases, the hair cell becomes electron dense,
shrunken, and scalloped in shape and is retained within
the sensory epithelium, surrounded by expanded support-
ing cells (Fig. 6B). Nuclear chromatin clumping is common
in these cells. There are no signs of blebbing or extrusion,
but the electron-dense cell may show fragmentation and
phagocytosis by adjacent supporting cells. Nearby sup-
porting cells do have increased amounts of dense inclu-
sions and engulfed debris (Fig. 6B,C).

By 18–24 hours after gentamicin exposure, most of the
basilar papillae are denuded of hair cells at the level
studied (Fig. 7A). Also, by 24 hours, the afferent terminals
of the cochlear ganglion cells are extensively degenerated.
They appear swollen, electron lucent, and often devoid of
organelles. Expanded mitochondria and a few vacuoles
persist. Portions of some terminals appear to have been
engulfed within neighboring supporting cells (Fig. 6A).
The efferent terminals do not degenerate, even after ex-
trusion of the target hair cells. In fact, normal-appearing,
vesicle-filled efferent terminals, without synaptic junc-
tions, can be observed below the expanded supporting
cells in areas devoid of hair cells (as in Fig. 5B,C). The
neural processes entering through the habenula perforata
are intact without signs of degradation at this time, and
the cochlear ganglion cells seen at this level also lack
evidence of degeneration (not shown).

DISCUSSION

In summary, the first 24 hours after a single high-dose
injection of gentamicin yields rapid extrusion of the ma-
jority of hair cells in the basal region basilar papilla. The
complete loss of hair cells in the region studied, about 400
�m from the basal tip, is a function of the high dose of
gentamicin used in this study and the location along the
basilar papilla. This location has previously been noted to

Fig. 5. A: Eighteen hours following gentamicin injection, from the
most superior region of the papilla to demonstrate a swollen, extruded
hair cell (XHC) still attached (arrow) to the supporting cell process
(SC) and with a bundle of collapsed stereocilia (CST). Nearby taller
hair cells show shrinkage, increased density, and several dark lyso-
somal inclusions (L) but normal-appearing stereocilia (ST). LU, lu-
men. B: Eighteen hours after a single gentamicin injection subjacent
to the lumenal surface to show an example of normal-appearing
afferent (A) and especially efferent (E) terminals, the latter filled with
the usual synaptic vesicles but lacking synaptic contacts. An example
of the numerous swollen or lucent, presumed afferent (XA) terminals
that occur among the supporting cell processes (SC) is also shown.
Lysosomes (L) or inclusion bodies are seen within many of the SCs.
Gap junctions (circles) between the SCs are also extensive. C: Twenty-
one hours following gentamicin injection. Low-power view of a papilla
showing several extruded hair cells (XHC) in various stages of ad-
vanced degeneration, some of which appear attached to the tectorial
membrane (TM). Large areas of the papilla are devoid of hair cells
(arrowheads), but some of those remaining appear swollen or protrud-
ing (arrow) into the lumen (LU). Inset: From a comparable prepara-
tion illustrating a fragment of an extruded hair cell (XHC) with an
attached vesicle-filled presumed efferent terminal (E). The supporting
cells are at the bottom. Scale bar � 2 �m in A; 1 �m in B and inset;
10 �m in C.
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be in the middle of the damaged region after gentamicin
exposure (Janas et al., 1995; Stone et al., 1996). It is
important to note that the extent of damage depends on
the age of the animal as well as dosage, type of aminogly-
coside, and administration schedule (see Cotanche, 1999).
The earliest ultrastructural changes, seen in our material
at 6–12 hours postinjection, include rounding of the sub-
luminal portion and swelling of the short hair cells, dila-
tation and disorganization of some of the mitochondria,
and formation of inclusion bodies or lysosomes, which
progress from a pale, homogeneous, electron-lucent ap-
pearance to a heterogeneous, dark, condensed appearance
at later times. At the middle time points, 12–18 hours
postinjection, characteristic findings consist of afferent
terminal swelling and lysis, polyribosomal dispersion or
dissolution, and extrusion of the taller hair cells toward
the superior border. In the later stages of this study,
18–24 hours after gentamicin injection, there was evi-
dence of rampant hair cell extrusion, expansion of the
apical surface of the supporting cells, and preservation of
the efferent terminals, which appear to remain present
within the supporting cell layer.

The process of hair cell death in the avian basilar pa-
pilla bears some resemblance to features of classic apopto-
sis, but the extrusion process may be quite unique. The in
situ degenerated hair cells do fit the classic description of
the apoptosis, in that the cell shrinks and darkens, the
nucleus condenses and fragments, and the cell contents
are phagocytosed by neighboring cells without compro-
mise of the plasma membrane. However, the majority of
cells die by the extrusion process, which may be charac-
teristic of apoptotic events in which it is important to
maintain an epithelial barrier (Rosenblatt et al., 2001).
These two types of hair cell death have been systemati-
cally studied and described in the mammalian vestibular
system, and the cellular changes observed after aminogly-
coside exposure in the guinea pig utricle are nearly iden-
tical to what we have observed here in the avian basilar
papilla (Li et al., 1995).

It is possible that some of the early changes described
for apoptotic pathways do occur in the extruded cells, but
they cannot be observed with electron microscopy. Activa-

tion of caspases 8 and 9 and protection of hair cells with
inhibition of caspase activity have been observed in both
cultured avian papilla and murine utricle after aminogly-
coside exposure (Forge and Li, 2000; Cunningham et al.,
2002; Cheng et al., 2003). Although caspase activation
may point toward an apoptotic mechanism of cell death
(see also Torchinsky et al., 1999), this caspase activity has
not been correlated with any morphologic ultrastructural
changes that could be observed in this study, nor was an
apoptotic-like pathway directly supported or refuted by
the ultrastructural findings in vivo. Given that there is a
continuum between apoptotic and necrotic characteristics
of cell death and that distinctions between the two may be
blurred in some cases, the specific features of cellular
degeneration are potentially important observations for
providing insight into the mechanism of aminoglycoside
ototoxicity and possibly other challenges that result in
hair cell death, even if they do not conform to classic
descriptions of either necrosis or apoptosis (Bursch et al.,
2000; Martin, 2001).

During the process of hair cell degeneration, there was
never evidence of violation of the reticular lamina. The
hair cells appear to be evacuated from the sensory epithe-
lium with such speed that most hair cells are observed
floating in the scala media, relatively intact. The hair cells
that degenerate in situ, by far in the minority, undergo
phagocytosis by the adjacent supporting cells without any
resultant compromise in the reticular lamina as well. Dur-
ing the period of extrusion and phagocytosis, the support-
ing cells retain the tight junctions and adherens com-
plexes necessary to maintain a strict separation between
perilymph and endolymph that allows for preservation of
the endocochlear potential and thereby allows the undam-
aged portion of the organ to continue functioning.

Some of the oldest studies on hair cell ultrastructure
after aminoglycoside exposure revealed that certain or-
ganelles were targeted by the aminoglycoside. In 1962,
Wersäll and Hawkins described the effect of streptomycin
on the cat vestibular hair cells and noted some findings
similar to what we observe in the chick. They noted for-
mation of dark “osmiophilic bodies,” presumably similar to
the lysosomes that we saw; degeneration of mitochondria;
and formation of myelin figures. The “protoplasmic pro-
trusions” of the cytoplasm described by them appear to
resemble cytoplasmic blebs that we occasionally witnessed
prior to extrusion of hair cells. This group also described
mitochondrial pathology in the lizard vestibular organs
after systemic gentamicin administration (Bagger-
Sjoback and Wersäll, 1978). The observations were similar
to what was described in cat: large swollen mitochondria
and dark condensed mitochondria with lamellar struc-
tures described as myelin bodies. Ryan and colleagues
(1980) described electron microscopic observations of sur-
viving hair cells following kanamycin injections in chin-
chilla. Outer hair cells were preferentially damaged, some
of the afferent terminals were atrophic, and the efferent
fibers were damaged in the regions of outer hair cell dam-
age. Examination of surviving hair cells revealed in-
creased lysosomes, the disarrayed mitochondria, and the
blebbing of the cuticular plate or extrusion of hair cell
cytoplasm. Therefore, despite the fact that these tissues
were subjected to repeated doses of drug and the fact that
these were chronically deafened animals (2–6 weeks after
drug exposure), the findings reported in earlier studies are
very similar to what we describe here.

Fig. 6. A: Example of a swollen, extruded, and degenerated hair
cell (XHC) extending into the lumen (LU) at 18 hours of survival. It
still retains attachments (arrow) with the subjacent supporting cell
processes (SC), which themselves contain inclusions (I). The extruded
cell has mitochondria that are swollen (M) and others that are
normal-appearing (nM). Several lysosomal inclusions (L), a finely
granular cytoplasm, and a nucleus with an enlarged envelope can also
be seen. A few stereocilia (ST) can be seen, but the cuticular plate is
not present in this plane of section. B: Example of a dense hair cell
(dHC) presumably degenerating “in situ” at 24 hours of survival.
Contrast this with the far more commonly occurring swollen, ex-
truded hair cell shown in A and in Figure 2A,B. A shrunken cuticular
plate (CP) and a nucleus (N) with chromatin condensation are seen.
LU, lumen; SC, supporting cell process. C: Example of the interface
between support cell processes (SC) and a degenerating hair cell
(XHC) during the final process of extrusion, seen by 18 hours of
survival. Junctional complexes (arrowheads) are seen with portions
of the extruded hair cell still attached at some of these sites. A tight
junction is seen between SCs (arrow), and extensive gap junctions also
occur (circles). The XHC shows several lysosomes (L), mitochondria
(M), and a cytoplasm that is devoid of the usual compliment of ribo-
somes but appears finely granular (X). LU, lumen. Scale bar � 2 �m
in A,B, 1 �m in C.
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A number of correlations can be made between the
histopathologic observations and previous descriptions
and hypotheses of the mechanism of gentamicin ototoxic-
ity. In studies using tritiated gentamicin sulfate and elec-
tron microscopic immunohistochemistry, these molecules
have been localized to the lysosomal compartment of hair
cells in both mammals and birds (De Groot et al., 1990;
Hashino and Shero, 1995; Hashino et al., 1997). Further-
more, histochemical studies indicate that the uptake of
aminoglycoside appears to be concentrated in the basal
turn of the mammalian cochlea, which is analogous to the
proximal portion of the basilar papilla in birds. The obser-
vation of lysosomal formation and subsequent lysosomal
degradation during the first 24 hours after gentamicin
injection is entirely consistent with the previous reports
from aminoglycoside tracer studies. It is postulated by
Hashino and coworkers (1997) that hair cell death is
caused by leakage of the aminoglycoside from the lysoso-
mal compartment into the cytosol. In this study, the hair
cells that contained labeled aminoglycoside in the cytosol
were noted to have more significant histopathology than
those in which labeling was restricted to the lysosomes. In
the current study, the earliest hair cells to be extruded
appeared normal prior to extrusion, without significant
cytopathic changes. Therefore, it appears possible that
extrusion may occur even in the absence of these features
described after lysosomal disruption.

The role of mitochondria in aminoglycoside ototoxicity
has been extensively studied, both in animals and in hu-
mans (Bagger-Sjoback and Wersäll, 1978; Arnold et al.,
1981; Hutchin and Cortopassi, 1994, 2000; Fischel-
Ghodsian, 1998; Guan et al., 2000; Schleiffer et al., 2000).
The rationale for a prominent role of mitochondria in hair
cell degeneration is supported by two observations. First,
the antimicrobial mechanism of aminoglycoside antibiot-
ics is based on their ability to bind the 12S ribosomal
subunit of bacteria, which is analogous to the protein
synthesis machinery of the mitochondria in eukaryotic
organisms. Thus, it is possible that the mechanism that
provides aminoglycoside antibiotics with effective bacteri-
ocidal activity is also responsible for a deleterious effect on
eukaryotic mitochondria. The clinical data also support
the hypothesis that a mitochondrial abnormality could
result in aminoglycoside ototoxicity. Several family pedi-
grees have been identified in which members with mito-
chondria abnormalities suffer from being highly vulnera-
ble to aminoglycoside ototoxicity. A recent study using a
lymphoblastoid cell line from a patient population with a
mitochondrial mutation found that aminoglycoside expo-
sure caused a significant decrease in the rate of mitochon-
drial protein synthesis, compared with the effect on mito-
chondrial protein synthesis in cells from their unaffected
family members (Guan et al., 2000).

There have been numerous reports of mitochondrial
pathology witnessed in hair cells exposed to aminoglyco-
sides (Wersäll and Hawkins, 1962; Bagger-Sjoback and
Wersäll, 1978; Leake-Jones et al., 1980; Arnold et al.,
1981; Forge, 1985). In the current protocol, morphologic
changes in the mitochondria were observed, but the
changes did not appear to be the first changes, nor did
they appear to be consistent or irreversible. Although a
significant number of hair cells demonstrated mitochon-
drial swelling and disorganization of the cristae at 12–18
hours postinjection, some extruded cells demonstrated mi-
tochondria that appeared relatively healthy. It remains

possible that the mitochondria serve to sequester calcium
or to buffer pH changes within the cytosol during the early
phases of hair cell injury and that, after a certain point,
the mitochondria cease to function and thereby regain a
more normal-appearing morphology. The fact that, in the
extruding cell, some of the mitochondria appear relatively
normal does not exclude the possibility that they may be
entirely nonfunctional at that point.

Dispersion of the polyribosomes is an early feature in
the destruction of the auditory hair cells that has been
seen in other forms of cell death. The process of cell death
in the primary neurons of the chick cochlear nucleus after
deafferentation has been described, and changes in the
ultrastructural appearance of ribosomes and immuno-
staining of Y10B, a monoclonal antibody for ribosomal
RNA, were noted (Rubel et al, 1991; Garden et al., 1994;
Hartlage-Rübsamen and Rubel, 1996). The degradation of
polyribosomes and the subsequent inability to regulate
protein synthesis are thought to be a determining step in
the fate of these neurons in the process of cell death.

Ultrastructural changes involved in the process of hair
cell degeneration after aminoglycoside exposure have
been extensively studied in the mammalian vestibular
system (Forge, 1985; Li et al., 1995; Forge and Li, 2000).
Numerous observations from these studies appear to be
similar to what we have observed in the avian basilar
papilla. Forge and colleagues describe two types of hair
cell loss, degeneration within the epithelium and extru-
sion from the epithelium. The process of cell death in the
avian basilar papilla is nearly identical. The overwhelm-
ing majority of auditory hair cells is removed via extru-
sion, and it is the small minority of hair cells that under-
goes the shrinkage, darkening, and nuclear fragmentation
characteristic of apoptosis. The hair cells that extrude
demonstrate some minor cytopathologic changes, as de-
scribed above, in the first 12 hours after drug exposure.
However, at the time when these cells begin to extrude,
they appear largely intact, suggesting that the extrusion
process is facilitated by an active process among the sup-
porting cells. The process of extrusion is preceded by cy-
toplasmic blebbing from the apical surface of the cell mem-
brane, but the cytoplasmic contents do not appear to
disrupt the cuticular plate, nor do they necessarily disrupt
the structure of the stereocilia. Fusion bundles, which are
reported for the auditory hair cells of mammalian species,
are not witnessed in the chick basilar papilla (Takumida
et al., 1989). Small plasma membrane blebs or protrusions
in the control subjects were seen in the previous study of
guinea pig vestibular organs. Likewise, for the chick, we
occasionally witnessed small cytoplasmic blebs in the con-
trol animals; however, they were characteristically
present on the side of the hair cell away from the tallest
stereocilium, and they did not cause any distortion of the
cuticular plate or the stereocilia.

The process of extrusion in this paradigm was also anal-
ogous to that described for the vestibular organ, in that
the reticular lamina was never violated during the process
of hair cell degeneration (Li et al., 1995). During the
process of extrusion, the tight junctions that maintain the
strict separation between endolymph and perilymph were
maintained until the hair cell was released from the final
apical attachment to the supporting cell. At various loca-
tions and times, numerous hair cells were seen resting on
the apical surface of the supporting cells attached only by
the last remaining tight junction before they were re-
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Fig. 7. A: By 24 hours, the basilar papillae at this level are essentially devoid of hair cells (arrowheads) and show expansion of the supporting
cells (SC). In this particular section, a last dead hair cell (XHC) is being extruded. TM, tectorial membrane; LU, lumen. B: Another section at
18 hours of survival, with a broad area devoid of hair cells but with expanded support cell processes (SC) at the lumen (LU). These processes
retain normal intercellular junctional complexes (arrowheads) and often have remnants of extruded hair cells (arrows) still attached to them.
The numbers of microvilli (m) are obviously reduced on the lumenal surface of the expanded processes. Gap junctions (circles) are seen
immediately subjacent to surface. Scale bar � 10 �m in A; 1 �m in B.



leased into the endolymphatic space. Likewise, the hair
cells that degenerated in situ with features more charac-
teristic of apoptosis were not witnessed to have any cell
membrane breaks or ruptures by 24 hours. The cell un-
derwent shrinkage and subsequent phagocytosis by sur-
rounding support cells, and the fragments of these cells
were readily visible in the cytoplasm of these cells.

We also looked for evidence of hair cell repair or an
aborted repair process in our tissue. Zheng et al. (1999)
provided evidence that some mammalian utricular hair
cells lose their stereocilia bundles after exposure to gen-
tamicin in vitro and subsequently resprout the cuticular
plate and stereocilia without evidence of cell proliferation
or transdifferentiation. Similar conclusions have been
drawn from observations on the bullfrog saccule in vitro
(Gale et al., 2002). We did not witness any hair cells that
underwent partial degeneration, such as loss of the cutic-
ular plate or a pinching off of a blebbed region of the hair
cell as has been described in the mammalian vestibular
organs. Overall, the process of hair cell degeneration in
the high-frequency region of the basilar papilla is charac-
terized by a rapid progression of subtle changes resulting
in decisive expulsion of the majority of hair cells and in
situ degeneration of the minority of hair cells, leaving the
entire sensory epithelium in this region barren of receptor
elements within 24 hours of a single dose of gentamicin.

It is conceivable that this organized process of cell ex-
trusion facilitates the advent of supporting cell prolifera-
tion and regeneration of new hair cells. During the process
of hair cell degeneration, not only is the separation be-
tween endolymph and perilymph maintained but, also,
efferent terminals remain within the sensory epithelium,
with the possibility of providing input to newly developing
hair cells. The orderly removal of hair cells via the extru-
sion process, and the retention of at least a proportion of
the neural processes, may facilitate the regeneration of
new hair cells. The survival and repair of neural processes
and their endings has been extensively studied by Co-
tanche and colleagues (see Hennig and Cotanche, 1998;
Cotanche, 1999), and it appears that the details of sur-
vival and regrowth may differ depending on whether dam-
age is induced by intense noise exposure or aminoglyco-
side treatment.
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